A Single Codon Change in a Conserved Motif of a Bromovirus Movement Protein Gene Confers Compatibility with a New Host  by Fujita, Yasunari et al.
VIROLOGY 223, 283–291 (1996)
ARTICLE NO. 0480
A Single Codon Change in a Conserved Motif of a Bromovirus Movement
Protein Gene Confers Compatibility with a New Host
YASUNARI FUJITA,*,1 KAZUYUKI MISE,* TETSURO OKUNO,* PAUL AHLQUIST,† and IWAO FURUSAWA*
*Laboratory of Plant Pathology, Graduate School of Agriculture, Kyoto University, Kyoto 606-01, Japan; and †Institute for Molecular Virology and
Department of Plant Pathology, University of Wisconsin-Madison, Madison, Wisconsin 53706-1596
Received April 11, 1996; accepted June 28, 1996
Brome mosaic virus (BMV) and cowpea chlorotic mottle virus (CCMV) are closely related bromoviruses with tripartite
RNA genomes, but distinct host ranges: BMV systemically infects the monocot barley, while CCMV systemically infects the
dicot cowpea. We have previously shown that in approximately 10% of inoculated cowpea plants, a CCMV hybrid [CCMV(B3a)]
with the 3a cell-to-cell movement protein gene replaced by that of cowpea-nonadapted BMV directs systemic infections,
which are caused by secondary mutation(s) of the hybrid virus. Here, to further analyze the role of RNA3 in adaptation to
a new host, RNA3 cDNA clones were constructed from total RNA recovered from the uninoculated upper leaves of systemi-
cally infected cowpea plants inoculated with CCMV(B3a). Sequence and mutational analysis of two such RNA3 clones
revealed that a single codon change (A776 r C) in a conserved motif of the 3a movement protein gene conferred compatibility
for systemic infection of a new host, cowpea, suggesting that this site in the 3a gene is directly or indirectly involved in
crucial host interactions associated with host-range specificity. The adaptive hybrid viruses carrying this mutation induced
exacerbated symptoms, while wt CCMV appeared nearly symptomless, showing that the bromovirus 3a movement protein
gene can significantly contribute to regulating symptom development. However, introducing this cowpea-adaptive mutation
into the BMV genome had little effect on the ability of BMV to systemically infect barley. q 1996 Academic Press, Inc.
INTRODUCTION positive-stranded tripartite RNA viruses whose genomic
RNAs 1– 3 are packaged separately in icosahedral capsids
Because plant cells have cell walls, plant viruses spread (Lane, 1981). Monocistronic RNA1 and RNA2 encode non-
from infected to adjacent healthy cells via intercellular con- structural proteins 1a and 2a, respectively, which are re-
nections, the plasmodesmata. Cell-to-cell spread of plant quired for viral RNA replication in protoplasts (Kroner et
viruses is an active process mediated by specific virus- al., 1989, 1990), whereas dicistronic RNA3 encodes the
encoded movement proteins (Deom et al., 1992; Maule, nonstructural 3a movement protein and the coat protein,
1994). Since many plant viruses multiply their genomes in which are required for short- and long-distance spread,
protoplasts isolated from plants that are not systemic respectively (Sacher and Ahlquist, 1989; Allison et al., 1990;
hosts, viral movement proteins have been assumed to be Mise and Ahlquist, 1995). The coat protein gene is ex-
an important factor in determining host-range specificity pressed through a subgenomic mRNA, RNA4 (Dasgupta
(Atabekov and Dorokhov, 1984; Hull, 1989; Dawson and and Kaesberg, 1982).
Hilf, 1992). Recently, by using infectious transcripts from By using infectious transcripts from viral cDNA clones,
cDNA clones, more detailed studies of host-range specific- reassortants in which RNA3 was exchanged between
ity associated with viral movement proteins have been BMV and CCMV demonstrated that host specificity deter-
done (Mise et al., 1993; De Jong et al., 1995; Fenczik et minants are encoded by RNA3 and also by RNA1 and/
al., 1995; Solovyev et al., 1996). or RNA2 (Allison et al., 1988). Analysis of the systemic
Brome mosaic virus (BMV) and cowpea chlorotic mottle infection abilities of hybrid BMV/CCMV RNAs made by
virus (CCMV) are closely related bromoviruses with tripar- precisely exchanging the 3a gene between the two vi-
tite RNA genomes, but distinct host ranges: BMV systemi- ruses showed that the 3a gene must be specifically
cally infects monocotyledonous grasses such as barley adapted for successful systemic infection (Mise et al.,
but does not systemically infect legumes, while CCMV 1993). Interestingly, however, approximately 10% of cow-
systemically infects dicotyledonous legumes such as cow- pea plants inoculated with a hybrid CCMV [CCMV(B3a)]
pea but does not systemically infect grasses, though both with the 3a movement protein gene of CCMV replaced
of them systemically infect Nicotiana benthamiana (Lane, by that of cowpea-nonadapted BMV became systemically
1981; Mise et al., 1993). The bromoviruses are a group of infected (Mise et al., 1993). Furthermore, upon inocula-
tion with virions isolated from uninoculated upper leaves
of these plants, 100% of tested plants became systemi-1 To whom correspondence and reprint requests should be ad-
dressed. Fax: 81-75-753-6146; E-mail: yfujita@kais.kyoto-u.ac.jp. cally infected, confirming that cowpea-adapted mutants
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appeared from the original inoculum and then were se-
lected in planta (Mise et al., 1993).
To elucidate the mechanism of adaptation of
CCMV(B3a) to cowpea, we now have tried to identify
adaptive changes in RNA3. Here we demonstrate that
only one missense mutation in a conserved motif of the
3a cell-to-cell movement protein gene of CCMV(B3a) is
sufficient to achieve systemic infection of a new host,
cowpea, implying that this adaptive mutation in the 3a
movement protein gene directly or indirectly influences
crucial virus – host interactions in determining host range.
MATERIALS AND METHODS
Plasmid constructions
Viral cDNA clones, their in vitro transcripts, and prog-
eny RNAs will be referred to by the brief descriptive
names listed below, with laboratory plasmid designa-
tions following in parentheses. The RNA3 clones are il-
lustrated in Fig. 1. B1 (pB1TP3), B2 (pB2TP5), and B3
(pB3TP8) are wild-type (wt) cDNA clones of BMV RNA1,
RNA2, and RNA3, respectively (Janda et al., 1987). C1
(pCC1TP1), C2 (pCC2TP2), and C3 (pCC3TP4) are wt
cDNA clones of CCMV RNA1, RNA2, and RNA3, respec-
tively (Allison et al., 1988). C3(B3a) (pBC3KM11), in which
the 3a gene of CCMV is replaced by that of BMV, has
been described previously (Mise et al., 1993).
Total nucleic acids of cowpea plant 25 containing
adaptive mutant virions designated C3(B3a)-25 (Mise et
al., 1993) were isolated (see below) and were used to
obtain full-length adaptive mutant RNA3 cDNA clones
FIG. 1. Structure and systemic infection behavior of CCMV RNA3,
25A (pBC3KM11-25A), 25B (pBC3KM11-25B), and 25C BMV RNA3, and their hybrid and mutant derivatives. The 3a protein
(pBC3KM11-25C) as follows: first-strand cDNAs were genes of BMV (B3a; closed boxes) and CCMV (C3a; open boxes) and
the coat protein genes of BMV (Bcp; closed boxes) and CCMV (Ccp;synthesized with the 3*-terminal primer d(CAGTCT-
open boxes) are indicated. The surrounding noncoding regions of BMVAGATGGTCTCCTTAGGAT) (Allison et al., 1988). The
and CCMV are indicated by thin and thick lines, respectively. Positionsunderlined bases contain an XbaI restriction site. These
of base changes and oligo(A) length heterogeneity are indicated (for
cDNAs were amplified by 34 cycles of polymerase chain details, see Fig. 2). The locations of relevant restriction enzyme sites
reaction (PCR) with the above 3*-terminal primer and 5*- for constructing a series of these mutants are shown above the map
(see Materials and Methods). kb, kilobase(s). (A) Schematic representa-terminal primer d(GCGCTGCAGTAATACGACTCACTAT-
tion of CCMV wild-type and hybrid RNA3s, and summary of infectivityAGTAATCTTTACCAAACAA). The italicized bases contain
tests in cowpea plants. 7- to 9-day-old cowpea plants were inoculateda T7 promoter sequence and the underlined bases con-
with in vitro transcripts from cDNA clones of the indicated RNA3, to-
tain a PstI restriction site. Denaturing, annealing, and gether with transcripts from wt RNA1 and RNA2 cDNA clones of CCMV.
polymerizing times and temperatures of 60 sec at 947, Systemic infectivity was tested 2 weeks after inoculation using tissue
printing assay or Northern blot analysis (see Materials and Methods120 sec at 507, and 150 sec at 727, respectively, were
and the legend of Fig. 3). (B) Schematic representation of BMV wild-used under conditions specified for Thermus aquaticus
type RNA3 (B3) and mutant YF6, and summary of infectivity tests inpolymerase (United States Biochemical), in a Coy tem-
barley plants. 7-day-old barley plants were inoculated with in vitro
perature cycler (Coy Laboratory Products, Ann Arbor, MI). transcripts from cDNA clones of the indicated RNA3, together with
Amplified DNAs were purified on 1% low-melting-point transcripts from wt RNA1 and RNA2 cDNA clones of BMV. Systemic
infectivity was tested 2 weeks after inoculation using tissue printingagarose gels (BRL). The resulting double-stranded
assay (see Materials and Methods and the legend of Fig. 3). PlantscDNAs, containing a full-length copy of RNA3 fused at
infected with either B3 or YF6 showed the normal striated mosaicits 5* end to a T7 RNA polymerase promoter and flanked
symptoms of wt BMV infection.
by 5* PstI and 3* XbaI restriction sites, were ligated to
pCRII (TA Cloning kit; Invitrogen). The cDNA inserts were
isolated after digestion with PstI and XbaI and recloned C3(B3a)-7, -9, and -36 (Mise et al., 1993), three cDNA
clones were constructed from viral RNA extracted frominto a PstI/XbaI site of pUC119 (Vieira and Messing,
1987). For the other three adaptive mutants designated each virion preparation by the method described above.
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YF1 (pBC3YF1) was constructed by replacing the 1.1- (Kroner and Ahlquist, 1992); and preparation of samples
for tissue printing analysis (Mise et al., 1993) were per-kb BglII –XbaI fragment of 25A with the corresponding
1.0-kb BglII– XbaI fragment of C3(B3a). YF2 (pBC3YF2) formed as previously described. Northern blot analysis
was carried out as described (Kaido et al., 1995). Forwas constructed by replacing 1.0-kb BglII– XbaI fragment
of C3(B3a) with the corresponding 1.1-kb BglII– XbaI frag- dot blots, purified total leaf nucleic acids samples were
dotted directly onto a nylon membrane (Hybond N/; Am-ment of 25A. YF3 (pBC3YF3) was constructed by replac-
ing the 1.1-kb BglII– XbaI fragment of 25C with the corre- ersham) and subjected to hybridization as described
(Sambrook et al., 1989). Probes to detect positive-strandsponding 1.0-kb BglII– XbaI fragment of C3(B3a). YF4
(pBC3YF4) was constructed by replacing the 1.0-kb BMV or CCMV RNAs have been described previously
(Allison et al., 1990; Pacha and Ahlquist, 1991). NorthernBglII– XbaI fragment of C3(B3a) with the corresponding
1.1-kb BglII– XbaI fragment of 25C. YF7 (pBC3YF7) was and dot blot hybridization signals were quantified with a
digital radioactive imaging analyzer (Fujix BAS 2000; Fujiconstructed by replacing the 0.8-kb SplI– SpeI fragment
of C3(B3a) with the corresponding 0.9-kb SplI– SpeI frag- Photo Film).
ment of 25A. In these new constructs, the introduced
mutations were verified by sequencing. RESULTS
YF6 (pB3YF6) was made by site-directed mutagenesis
Construction and sequence analyses of infectious
of B3 with a 5*-terminal primer d(GGAATCGATGTTTTG-
RNA3 cDNA clones from the adaptive mutants
GGATAGCAACCCAACTTCGCGGTGTGGTGGG). The
underlined bases contain a ClaI restriction site and the A previous study (Mise et al., 1993) showed that in 38
of 42 cowpea plants inoculated with C1/C2/ C3(B3a)—double-underlined base corresponds to the mutagenized
base. Plasmid DNA of B3 was used as template for 30 together defined as the hybrid virus CCMV(B3a)— no
viral RNA was detected in uninoculated upper leaves. Incycles of PCR with the 5*-terminal primer and a 3*-termi-
nal primer d(AATTACTGGTTGGACCC) complementary to contrast, the remaining 4 plants, designated 7, 9, 25, and
36, developed systemic infections due to the appearancebases 1327 – 1343 of RNA3 sequence (Ahlquist et al.,
1981). Denaturing, annealing, and polymerizing times of mutants from the hybrid virus. In this study, to examine
the responsible mutation(s), we performed RT-PCR toand temperatures of 30 sec at 947, 30 sec at 417, and
90 sec at 727, respectively, were used under conditions construct full-length RNA3 cDNA clones from RNA ex-
tracted from the uninoculated upper leaves of these 4specified for Taq DNA polymerase (Waken, Japan), in a
DNA thermal cycler (PJ2000, Model 480; Perkin – Elmer). plants. For plant 25, clones were made from total RNA
extract while for the other 3 plants clones were madeAmplified DNA was purified on a 1% low-melting-point
agarose gel (FMC). The resulting 0.75-kb fragment was from virion RNA extracts (see Materials and Methods).
For each of plants 7, 9, 25, and 36, 3 of the resultingligated to pCRII (TA Cloning kit; Invitrogen). The cDNA
insert was isolated after digestion with ClaI and BglII cDNA clones were selected for further testing. When in
vitro transcripts from each of these 12 RNA3 cDNAand used to replace the corresponding 0.62-kb ClaI –
BglII fragment of B3 (nucleotide 602 to 1221). The 0.62- clones were inoculated with C1 / C2, all multiplied in
cowpea protoplasts, but only 3 systemically infectedkb region in YF6 was then sequenced to ensure the
presence of only the desired mutation. whole cowpea plants (data not shown). For each of 2
cDNA clones derived from plant 25, designated 25A and
25C, 5 of 5 inoculated plants became systemically in-Inoculation of whole plants and protoplasts and
fected. In addition, for 1 of the cDNA clones derived fromanalysis of progeny viral RNAs
plant 7, 1 of 5 inoculated plants became systemically
infected.Cowpea [Vigna sinensis (Torner) Savi. cv. Blackeye
No. 5], barley [Hordeum vulgare L. cv. Morex], and N. To help to identify the adaptive mutation(s), we deter-
mined the nucleotide sequence of RNA3 cDNA clonesbenthamiana plants were maintained in a growth room
at 257 with 16-hr illumination per day and daily watering 25A and 25C. As summarized in Fig. 2, four base substitu-
tions were found between C3(B3a) and 25A and threewith half-strength Hoagland’s solution (Dhingra and Sin-
clair, 1985). between C3(B3a) and 25C. Of these, only one base sub-
stitution, A to C at position 776 (A776C), resulted in anThe synthesis of capped transcripts from EcoRI-linear-
ized, full-length cDNA clones B1, B2, B3, and YF6, and amino acid change, Ser-180 to Arg-180 (Ser180Arg),
within the BMV 3a protein gene of both 25A and 25C.XbaI-linearized, full-length cDNA clones of wt CCMV, i.e.,
C1, C2, and C3, and C3-derivative mutants, e.g., C3(B3a), Moreover, both 25A and 25C showed an approximately
twofold increase, relative to C3(B3a), in the length of an25A, 25C, and YF3 (Kroner and Ahlquist, 1992); inocula-
tion of whole plants and protoplasts with transcripts (Ahl- oligo(A) tract in the intercistronic region between the 3a
and the coat protein genes. For BMV, a correspondingquist et al., 1984; Allison et al., 1988; Kroner and Ahlquist,
1992; Mise et al., 1993); extraction of total nucleic acids intercistronic oligo(A) is known to function as an activat-
ing sequence in transcription of the subgenomic coatfrom plant leaves (Allison et al., 1990) and protoplasts
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acid change (Ser180Arg) is sufficient for systemic infec-
tion ability. On the other hand, inoculation with C1 / C2
/ YF7 failed to develop systemic infection, while YF3,
lacking the increase in oligo(A) length, infected 100% of
inoculated cowpeas (Fig. 1A). Thus, although 25A and
FIG. 2. Nucleotide and amino acid changes between infectious RNA3
cDNA clones of the parental virus [C3(B3a)] and adaptive mutants 25A
and 25C. The 3a protein genes of BMV (B3a; closed boxes) and the
coat protein genes of CCMV (Ccp; open boxes) are indicated. The
surrounding noncoding regions of CCMV are indicated by lines. The
A776C transversion results in a Ser180Arg alteration. The intercistronic
oligo(A) length of either pBC3KM11-25A or pBC3KM11-25C has not
precisely been determined. Construction of pBC3KM11 was reported
previously (Mise et al., 1993). Nucleotide numbering (Ahlquist et al.,
1981; Allison et al., 1989) is given without consideration of length heter-
ogeneity in the oligo(A) tract, which is illustrated by the shaded-in
vertical rectangles. Positions of base changes with (l ) or without ( s )
amino acid change are indicated. FL, full length of viral sequence; kb,
kilobase(s).
protein mRNA, RNA4 (French and Ahlquist, 1988). Clones
25A, 25C, and C3(B3a) have oligo(A) lengths of 83 {
3, 90 { 3, and 40, respectively. This observation was
consistent with the previous result showing that 25-de-
rived viral RNA3 migrated more slowly than the other
RNA3 species in electrophoresis (Mise et al., 1993).
Identification of mutations conferring ability to
systemically infect cowpea plants
The A776C base substitution and elongation of oligo(A)
length were common properties found in both RNA3
cDNA clones, 25A and 25C, constructed from the adap-
tive mutants. To examine whether either or both of these
two mutations were involved in adaptation of CCMV(B3a)
to systemically infect cowpea plants, we constructed mu-
tant hybrid RNA3 clones, YF1, YF2, YF3, YF4, and YF7
FIG. 3. Representative tissue printing assays for systemic infection(Fig. 1A), and tested their systemic infection ability by
of cowpea. Abbreviations for leaf positions are as follows: i, inoculatedtissue printing assay (Fig. 3) or Northern blot analysis
primary leaves; 1, 2, and 3, uninoculated first, second, and third upper(see below). Both YF1 and YF3 bear the A776C mutation,
trifoliate leaves, respectively. Primary leaves of 7- to 9-day-old cowpea
while YF2, YF4, and YF7 do not bear this mutation. In plants were inoculated with in vitro transcripts from cDNA clones of
addition, YF2, YF4, and YF7 contain an oligo(A) tract ap- the indicated RNA3, together with transcripts from wt RNA1 and RNA2
cDNA clones of CCMV. Two weeks after inoculation, three trifoliateproximately twice as long as that in C3(B3a), while YF1
leaflets or two primary leaves were piled and rolled before being cross-and YF3 contain an oligo(A) tract equal in length to that
sectioned with a razor blade. Each cut surface was pressed onto aof C3(B3a). Figure 1A shows that cowpea plants inocu-
nylon membrane, which was then hybridized with a probe specific for
lated with C1 / C2 in combination with 25A, 25C, YF1, CCMV positive-strand RNAs. The autoradiograms show representative
or YF3 developed systemic infection, indicating that the Northern blot analyses of viral RNAs. Mock, tissue prints from leaves
inoculated with buffer only.single base substitution A776C with its associated amino
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FIG. 4. Phenotypic comparison of representative leaflets from uninoculated trifoliate leaves of cowpea plants inoculated with C1 and C2 plus wt
C3 or its derivatives, C3(B3a), 25A, 25C, YF1, YF2, YF3, YF4, or YF7, as indicated. Mock, leaves inoculated with buffer only. All leaves shown were
photographed 2 weeks after inoculation.
25C both contained an oligo(A) tract twice as long as arose (Mise et al., 1993). Similar mechanisms may have
caused systemic infection in 1 of 15 cowpea plants inoc-that in C3(B3a), it appears that this oligo(A) elongation
does not contribute to the adaptation. Additionally, only ulated with C1 / C2 / YF2 and 2 of 15 with C1 / C2
/ YF4. Moreover, 1 of 27 cowpea plants with C1 / C282% of plants inoculated with C1/ C2/ 25A or 94% with
C1/ C2 / 25C became systemically infected, relative to / C3(B3a) and 1 of 15 with C1 / C2 / YF2 developed
symptomless systemic infection, suggesting that these100% of plants inoculated with C1 / C2 in combination
with YF1, YF3, or C3. This decreased infectivity of 25A systemic infections might have been caused by muta-
tion(s) other than A776C.and 25C inoculations might be associated with their
longer intercistronic oligo(A), the only common feature N. benthamiana is a symptomless permissive host for
both BMV and CCMV (Lane, 1981; Mise et al., 1993; Raothat segregates with this reduction.
With the cowpea cultivar and growth conditions used and Grantham, 1995). The hybrid CCMV [C1 / C2 /
C3(B3a)] also retained competence for symptomless sys-in these experiments, wt CCMV directed nearly symp-
tomless infection. With the aid of backlighting, weak chlo- temic infection of N. benthamiana (Mise et al., 1993). To
investigate the effect of the Ser180Arg mutation on therotic symptoms were sometimes observed in leaves in-
fected with wt CCMV. In contrast, 25A, 25C, YF1, and ability to systemically infect N. benthamiana plants, we
tested systemic infection ability of C1 / C2 / YF3 inYF3 inoculations induced dramatic chlorotic symptoms
associated predominantly with the veins (Fig. 4). The N. benthamiana by tissue printing assay 3 weeks after
inoculation. Inoculation with C1 / C2 / YF3 inducedbright yellow chlorotic symptoms displayed in infections
with 25A, YF1, and YF3 were almost indistinguishable. symptomless systemic infection of N. benthamiana (data
not shown), indicating that the A776C mutation had noHowever, the symptoms produced in infections with mu-
tant 25C tended to be slightly more severe than those detectable effect on systemic infection ability of the hy-
brid virus in N. benthamiana.with the above mutants and always had an inclination to
appear 1– 2 days earlier than the others.
Characterization of the mutant CCMV(B3a) hybridsOf 27 cowpea plants inoculated with C1 / C2 /
directing systemic infection of cowpeaC3(B3a), 2 developed systemic infection (Fig. 1A). This
may be due to de novo mutation(s) in planta, as in the To test the RNA replication and accumulation charac-
teristics of the new cowpea-adapted mutants, we as-previous study in which the present adaptive mutants
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plant from which the adaptive mutants were isolated
(Mise et al., 1993). Previous studies with other RNA3
derivatives have also shown that substantially reduced
RNA3 levels can direct systemic infection of cowpea
plants (De Jong and Ahlquist, 1992; Pacha and Ahlquist,
1992). Further, the total viral RNA yields, including RNA1
/ 2, for the adaptive mutants 25A, 25C, or YF3 were
approximately 10 to 25% that of wt CCMV (Fig. 5B). Thus,
in uninoculated upper leaves, the relative yield of the
mutants compared to wt C3 was much less than in proto-
plasts.
FIG. 5. Northern blot analysis showing (A) accumulation of viral RNAs
in cowpea protoplasts 24 hr after inoculation and (B) viral RNAs recov- Systemic infection of barley plants by BMV carrying
ered at 2 weeks after inoculation from uninoculated upper leaves of A776C mutation
cowpea plants inoculated with in vitro transcripts from cDNA clones
of the indicated RNA3 derivative (Fig. 2), together with transcripts from Since the A776C mutation and its accompanying sin-
wt RNA1 and wt RNA2 cDNA clones of CCMV. Mock, RNA from proto- gle amino acid substitution (Ser180Arg) in BMV 3a al-plasts or plant leaves inoculated with buffer only. Total nucleic acids
lowed the C1/ C2/ C3(B3a) hybrid virus to systemicallywere electrophoresed in 1.5% agarose gels containing formaldehyde
infect cowpea plants, it seemed possible that this muta-and were transferred to nylon membranes. The final membranes were
hybridized with 32P-labeled RNA probe specific for CCMV positive- tion might affect the ability of the BMV mutant to systemi-
strand RNAs. Each lane contains total nucleic acids extracted from cally infect barley, a natural systemic host for wt BMV.
83,000 inoculated protoplasts (A) and equivalent amounts of total leaf
To test this possibility, we generated mutant BMV (B1 /nucleic acids (1.5 mg) (B). The positions of virion RNAs are indicated
B2 / YF6) carrying the A776C mutation (Fig. 1B). Eigh-at the left.
teen of 20 and 17 of 20 barley plants inoculated with B1
/ B2 / B3 and B1 / B2 / YF6, respectively, developed
systemic infection, indicating that BMV 3a protein car-sayed viral RNA accumulation in cowpea protoplasts in-
rying the A776C mutation retained the adaptation of BMVoculated with the individual C3(B3a) derivatives plus C1
to barley (Fig. 1B). The virus yield in barley was estimated/ C2. Viral RNA was extracted 24 hr after inoculation
by dot blot analysis of a mixture of total RNA samplesand subjected to Northern blot analysis using a 32P-la-
from uninoculated upper leaves of 5 plants that had beenbeled RNA probe complementary to the conserved 3*
shown to be systemically infected, using a 32P-labeledsequences of all CCMV positive-strand RNAs. For inocu-
RNA probe complementary to the conserved 3* end oflations with C1 / C2 in combination with C3(B3a), 25A,
all BMV RNAs. The total viral RNA yield of mutant BMV25C, or YF3, the accumulation levels of RNAs 1, 2, and
carrying the A776C mutation was approximately 70% of4 were relatively constant among those inoculations and
that of wt BMV (data not shown). Thus, the A776C muta-similar to the levels for wt CCMV (Fig. 5A). By contrast,
tion had little effect on the ability of BMV to systemicallythe accumulation level of RNA3 relative to RNA1 / 2 was
infect barley.approximately 50, 30, 35, or 50%, respectively, of that
from infections with C1 / C2 and wt C3 (on the basis of
DISCUSSIONreproducible measurements from Fig. 5A and four other
experiments). Consideration of the sequence differences
A mutation in the 3a movement protein gene allows
involved suggests that the particularly low RNA3 accu-
systemic infection of a new host
mulation seen with 25A and 25C might be associated
with the twofold longer oligo(A) tract of 25A or 25C rela- Previously, it was shown that 10% of cowpea plants
tive to the other clones. inoculated with the CCMV hybrid CCMV(B3a) became
To examine the nature of the total progeny RNA recov- systemically infected, due to the selection of adaptive
ered from uninoculated upper leaves of cowpea plants changes in the hybrid (Mise et al., 1993). In this study,
inoculated with C1 / C2 in combination with 25A, 25C, to examine the possible role of RNA3 changes in
YF3, or C3, total RNA was extracted from uninoculated CCMV(B3a) adaptation to cowpea plants, we constructed
leaves 2 weeks after inoculation and subjected to North- and sequenced biologically active, full-length RNA3
ern blot analysis (Fig. 5B). The RNA3 levels of 25A, 25C, cDNA clones from cowpea-adapted CCMV(B3a) variants.
and YF3 relative to RNA1 / 2 were approximately 45, An A776C substitution, leading to a Ser180Arg amino
40, and 55%, respectively, of the level of corresponding acid change in the 3a cell-to-cell movement protein, and
wt RNA3 (on the basis of reproducible measurements elongation of the intercistronic oligo(A) tract were found
from Fig. 5B and four other experiments). These reduced in both of two cowpea-adapted RNA3 clones. Construc-
RNA3 levels were consistent with the previously ob- tion and testing of selected site-specific mutant and hy-
brid derivatives of C3(B3a) revealed no adaptive effectserved pattern of virion RNA accumulation in the original
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from oligo(A) elongation but showed that the A776C sub-
stitution was sufficient to allow systemic infection of cow-
pea, suggesting that this site in the 3a movement protein
gene directly or indirectly plays a role in virus– host inter-
action(s) implicated in host range. Other coding changes
in the BMV 3a gene have recently been reported to influ-
FIG. 6. The Ser180Arg mutation site. Alignment of the deduced aminoence BMV host range (De Jong et al., 1995) and symptom
acid sequences of the 3a movement proteins of C3, C3(B3a), and YF3.phenotype in N. benthamiana (Rao and Grantham, 1995).
The mutated residue in YF3 and the corresponding residues in C3 andTaken together, these findings indicate that the BMV 3a
C3(B3a) are highlighted by shading. The residues corresponding to the
cell-to-cell movement protein gene influences virus– host consensus LAGLI-like motif (Romero et al., 1992) are boxed. Amino
interactions that are crucial to systemic infection. Our acid numbers in the 3a protein of CCMV (C3) or BMV [C3(B3a) and
YF3] are indicated.observation that a single 3a gene mutation was sufficient
to extend viral host range also is consistent with recent
findings that 3a gene differences contribute significantly
tion analysis (Mise and Ahlquist, 1995) of infectionto differences in BMV and CCMV host-range specificity
spread by CCMV(B3a) in cowpea leaves showed that the(Mise et al., 1993; De Jong et al., 1995), and a recent
host-specific block to systemic infection imposed bysuggestion that the host factor(s) with which 3a protein
BMV 3a protein occurred after initial cell-to-cell spreadinteracts may be relatively conserved between barley
of infection in cowpea. This delayed block to CCMV(B3a)and cowpea (De Jong et al., 1995).
infection spread and similar findings with BMV variantsWhile the results reported here reveal that a change
suggested that the relative rates of infection spread vsin the 3a movement protein gene of RNA3 can be suffi-
host defense induction might be an important determi-cient to allow CCMV(B3a) to systemically infect cowpea,
nant of systemic infection (De Jong et al., 1995; Mise andthey do not rule out the possibility that RNA1 and/or
Ahlquist, 1995). Thus, the ability of the A776C mutationRNA2 mutations might also be able to contribute to such
to allow CCMV(B3a) to systemically infect cowpea mayadaptation. Host-adaptive changes in BMV RNA1 and
depend on its altering this balance by enhancing theRNA2 were found in a recent study showing that all three
ability of the BMV 3a gene to support virus spread ingenomic RNAs influence the ability of the novel BMV-M2
cowpea, slowing its induction of host responses in cow-strain to systemically infect cowpea line TVu-612 as well
pea, or both. The exacerbated symptoms associated withas barley (De Jong and Ahlquist, 1995). Though other
25A, 25C, and YF3 infections relative to wt CCMV (Fig.explanations could be proposed, similar cowpea-adap-
4) suggest that altered host responses might play a roletive mutations in RNA1 and/or RNA2 (together with se-
in blocking CCMV(B3a) infection, and that the A776Cquence heterogeneity in an adapting virus population)
mutation may either only partially alleviate the tendencymight also explain why only 2 of the 12 RNA3 cDNA
of the BMV 3a gene to induce host responses in cowpeaclones derived here from cowpea-adapted CCMV(B3a)
or overcome it by allowing enhanced spread.variants supported efficient systemic infection of cowpea
The symptoms produced in infections with mutant 25Cwhen inoculated with wt C1 / C2.
were slightly more severe and appeared earlier than
those with the other mutants. Since increased CCMV
3a movement protein gene can regulate host symptoms were previously observed after deletion of the
response phenotype in uninoculated upper leaves upstream region of the subgenomic mRNA promoter (Pa-
cha and Ahlquist, 1992), the enhanced symptom pheno-Systemic infections by C1, C2, and cowpea-adapted
type of 25C might be related to its A1352G transition (Fig.C3(B3a) derivatives 25A, 25C, YF1, and YF3 produced
1), which is located within the core region of the sameexacerbated chlorotic symptoms (Fig. 4). Thus, host re-
subgenomic mRNA promoter.sponses in uninoculated upper leaves differed between
infection with wt CCMV, which is nearly symptomless,
Site of the Ser180Arg 3a mutation
and the chlorosis-inducing adaptive mutants, i.e., be-
tween the CCMV 3a gene and the BMV 3a gene bearing Since the A776C nucleotide change implicated in
CCMV(B3a) adaptation to cowpea leads to an amino acidthe Ser180Arg mutation, indicating that the 3a cell-to-cell
movement protein gene can affect symptom develop- change in the 3a protein, adaptation may be mediated
by the 3a protein amino acid sequence rather than thement. Similarly, a single amino acid change in the 3a
movement protein of BMV was shown recently to alter 3a gene nucleotide sequence. Bromovirus sequence
comparisons (Romero et al., 1992) showed that the rele-symptom expression in N. benthamiana (Rao and
Grantham, 1995) and the movement protein gene of tur- vant Ser180Arg mutation is located in a relatively con-
served LSGVV motif (in one-letter amino acid code) atnip yellow mosaic virus has been reported to regulate
symptom development (Tsai and Dreher, 1993). amino acids 179 to 183 within the hydrophobic N-termi-
nal two-thirds of the BMV 3a protein (Fig. 6). ZimmernPress blotting (Mise et al., 1993) and in situ hybridiza-
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transferring the noncapsid movement protein from a rod-shaped to(1983) pointed out that a similar LAGLV sequence in the
an icosahedral virus is competent for systemic infection. Proc. Natl.tobacco mosaic virus (TMV) 30-kDa movement protein
Acad. Sci. USA 89, 6808–6812.
(Goelet et al., 1982) is homologous to the consensus De Jong, W., and Ahlquist, P. (1995). Host-specific alterations in viral
N-terminal pentapeptide LAGLI of yeast intron-encoded RNA accumulation and infection spread in brome mosaic virus iso-
late with an expanded host range. J. Virol. 69, 1485–1492.mitochondrial maturase proteins, which are involved in
De Jong, W., Chu, A., and Ahlquist, P. (1995). Coding changes in theRNA splicing through facilitating proper RNA folding.
3a cell-to-cell movement gene can extend the host range of bromeComputer-assisted comparisons failed to confirm a
mosaic virus systemic infection. Virology 214, 464– 474.
larger, statistically significant similarity between matur- Deom, C. M., Lapidot, M., and Beachy, R. N. (1992). Plant virus move-
ases and putative movement proteins (Melcher, 1990; ment proteins. Cell 69, 221–224.
Dhingra, O., and Sinclair, J. (1985). ‘‘Basic Plant Pathology Methods,’’Koonin et al., 1991). However, experiments with the TMV
p. 317. CRC Press, Boca Raton, FL.30-kDa movement protein indicated that a 21-amino-acid
Fenczik, C. A., Padgett, H. S., Holt, C. A., Casper, S. J., and Beachy,segment containing this LAGLV sequence is required for
R. N. (1995). Mutational analysis of the movement protein of odonto-
30-kDa protein function, apparently including mainte- glossum ringspot virus to identify a host-range determinant. Mol.
nance of proper protein conformation (Citovsky et al., Plant –Microbe Interact. 8, 666– 673.
French, R., and Ahlquist, P. (1988). Characterization and engineering1992). Since the LSGVV region of bromovirus 3a move-
of sequences controlling in vivo synthesis of brome mosaic virusment proteins might also influence protein folding, further
subgenomic RNA. J. Virol. 62, 2411–2420.studies are required to clarify whether the 3a segment
Goelet, P., Lomonossof, G. P., Butler, P. J., Akam, M. E., Gait, M. J., and
containing the Ser180Arg mutation might directly interact Karn, J. (1982). Nucleotide sequence of tobacco mosaic virus RNA.
with a host factor(s), affect 3a protein activity or host Proc. Natl. Acad. Sci. USA 79, 5818– 5822.
Hull, R. (1989). The movement of viruses in plants. Annu. Rev. Phytopa-interactions indirectly through protein conformation, or
thol. 27, 213–240.provide some other function.
Janda, M., French, R., and Ahlquist, P. (1987). High efficiency T7 poly-
merase synthesis of infectious RNA from cloned brome mosaic virus
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